Contradictory hypotheses regarding the nature of synaptic transmission in the CNS have arisen from indirect methods of quantal analysis. In this study, we directly count the quanta released following nerve stimulation to examine synaptic transmission at a fast glutamatergic synapse in the mammalian auditory brainstem. Our results demonstrate the relationship between spontaneous and nerve-evoked synaptic events, indicate that asynchronous transmitter release governs the time course of evoked transmission, and show that the stochastic quantal release process, as originally proposed at the neuromuscular junction, is highly conserved at this central synapse.
Introduction
The quantal theory of synaptic transmission was originally proposed at the neuromuscular junction (NMJ; del Castillo and Katz, 1954a Katz, , 1954b Katz, 1969) . There, the amplitudes of nerve-evoked potentials occurred in integer multiples of the mean amplitude of the spontaneous (miniature) synaptic potentials. Thus, it was suggested that the spontaneous miniature potential represents the basic unit, or quantum, from which the evoked response is composed. Electron microscopic observation of membrane-bound vesicles within the motor nerve terminal led to the hypothesis that a spontaneous synaptic potential represents the postsynaptic response to the release of the neurotransmitter contents of a single vesicle. Following the arrival of a presynaptic action potential, the secretion of a quantum of neurotransmitter at a release site occurs in an intermittent, or probabilistic, manner. The nerve-evoked postsynaptic potential then represents the sum of such probabilistic quantal release from all sites in a connection. It was proposed that evoked synaptic transmission at the NMJ may be described by a probability, p, of release of a quantum at each release site, and that release occurs from a total pool of "available" vesicles, n. These anatomical and physiological data formed the basis of the first models of quantal synaptic transmission, in which release was described by either a Poisson or a binomial process (Martin, 1977; McLachlan, 1978) .
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CNS, where studies have been complicated by many factors not encountered at the NMJ. The origin of spontaneous synaptic events is usually unknown, since central neurons receive large numbers of synaptic inputs from a variety of sources. Synaptic currents suffer variable amounts of electrotonic attenuation due to different somato-dendritic locations of synaptic contacts. Individual synaptic currents are often small compared with the background noise, and there are usually uncertainties regarding the number of presynaptic inputs activated. Because of these complications, indirect methods of quantal analysis have been used to infer the nature of underlying quantal currents and to construct probabilistic models of the release mechanism (Redman, 1990; Korn and Faber, 1991; Walmsley, 1991 Walmsley, , 1993 . This indirect approach has produced a variety of controversial and conflicting hypotheses of quantal transmission in the CNS (Stevens, 1993; Bekkers, 1994; Walmsley, 1995) .
To overcome these problems, we have examined quantal transmission at the fast glutamatergic synaptic connection (the endbulbs of Held; Cant and Morest, 1979; Wu and Oertel, 1984; Ryugo and Sento, 1991) between single auditory nerve fibers and neurons in the anteroventral cochlear nucleus (AVCN). We have taken advantage of the large quantal synaptic currents, the somatic location of the endbulb synapse, and the ability to activate a single fiber to perform a direct count of the quanta released following nerve stimulation.
Results

Quantal Synaptic Currents
Stimulation of auditory nerve fibers evokes large, "all or none" excitatory postsynaptic currents (EPSCs) with rapid kinetics (decay time constant < 1 ms) in morphologically defined bushy cells of the AVCN (Isaacson and Walmsley, 1995) . The large amplitude and rapid kinetics of these EPSCs are consistent with anatomical studies indicating that these cells typically receive a large somatic contact, containing hundreds of potential release sites, from a single auditory nerve fiber (Cant and Morest, 1979; Ryugo and Sento, 1991) . At hyperpolarized membrane potentials, these EPSCs are mediated by the non-N-methyl-oaspartate (non-NMDA) class of glutamate receptors, since they are abolished by the antagonist 6-cyano-nitroquinoxaline-2,3-dione (CNQX; Isaacson and Walmsley, 1995) ( Figure 1A ). In addition to the large nerve-evoked synaptic currents, smaller spontaneously occurring EPSCs with submillisecond kinetics are routinely observed ( Figure  1A ). These spontaneous EPSCs (sEPSCs) are resistant to tetrodotoxin and Cd 2+ but are abolished by CNQX (Isaacson and Walmsley, 1995) and presumably reflect the spontaneous action potential-independent release of individual synaptic vesicles (Katz, 1969) .
To determine whether the nerve-evoked EPSCs are composed of the same events underlying spontaneous quantal release, we studied evoked transmission under (B) Reducing the probability of release to the level of failures reveals marked asynchrony in quantal release. Four consecutive EPSCs evoked in normal Ringer are shown superimposed (Control; holding potential = -20 mV; bar, 500 pA). The inset shows the all or nothing response properties of the endbulb EPSC over a range of stimulus strengths (at least 5 responses are plotted for each voltage increment). The addition of Cd 2+ (100 pM; right) to the superfusing solution reduces release probability to the level of failures and reveals large "jitter" in the time course of quantal release. Selected traces (13), including 4 failures recorded at -70 mV, are shown superimposed (bar, 50 pA).
(C) Extracellular recording of endbulb synapse. Under control conditions (1), the stimulus artifact is followed by a presumptive presynaptic action potential (closed triangle) and subsequent compound EPSP/action potential (3 sweeps superimposed). Five minutes after the control superfusing solution was changed to a low Ca2+/high Mg 2+ Ringer (2), the postsynaptic action potential was abolished, while the presynaptic action potential was unaffected (7 sweeps superimposed; postsynaptic action potentials are truncated). After another 5 min (3), the postsynaptic response is reduced to failures and quantal responses (bottom; 8 sweeps, including 2 failures, superimposed). Reducing the stimulus strength by several volts abolished both the pre-and postsynaptic response (top; 3 sweeps superimposed).
(D) Spontaneous and evoked quantal amplitude distributions are similar. Histogram of sEPSC amplitudes (D~; n = 885) and evoked quantal EPSCs (D2; n = 952) recorded in the presence of Cd 2+ (100 ~,M) in the same cell. These distributions were not significantly different (Kotmogorov-Smirnoff statistic, p < .05 level). The distribution of baseline noise during the recording period is also plotted in D1 (n = 900 sweeps). Representative sweeps of sEPSCs (D 0 and evoked responses (D2) are shown in the insets.
conditions that reduced the probability of transmitter release to the single quantal level. Under control conditions, stimulation of auditory nerve fibers evoked large EPSCs with little jitter in their time of onset ( Figure 1B ). Endbulb EPSCs have a distinct threshold for activation ( Figure 1B , inset), as expected for a single fiber-mediated synaptic response. When the probability of transmitter release was reduced with Cd 2+ or a low Ca2+/high Mg 2+ Ringer solution, the amplitude of the evoked EPSC was greatly reduced, such that clear failures were observed. The remaining evoked responses revealed a marked asynchrony in their time of occurrence ( Figure 1B ). The delay between the stimulus artifact and response includes both the conduction time for the presynaptic action potential to reach the nerve ending as well as the separate"synaptic delay" (Katz and Miledi, 1965b) between the time that the action potential invades the terminal and the time that quanta are released. To rule out fluctuations in the arrival of the presynaptic action potential, we used extracellular recording to measure both the pre-and postsynaptic components of ['~ FI Units/Trace the evoked response (Katz and Miledi, 1965b) . A recording from 1 cell is shown in Figure 1C . Under normal conditions, nerve stimulation evoked two distinct components: a presumptive presynaptic action potential followed by a postsynaptic EPSP/action potential ( Figure 1C1 ). Changing to a low Ca2+/high Mg 2+ Ringer solution abolished the postsynaptic action potential and reduced the postsynaptic response, while the presynaptic action potential was unaffected ( Figure 1C2 ). After several minutes, the postsynaptic response was reduced to the level of failures, and the remaining quantal responses showed latency fluctuations similar to that observed using whole-cell recording, whereas the timing of the presynaptic action potential was invariant ( Figure 1C3 ). Slightly reducing the stimulus strength abolished both the postsynaptic response and the presynaptic action potential, confirming that they were not field potentials. These, and subsequent results (see below), indicate that the asynchrony in the timing of quantal release at the endbulb does not reflect variability in the excitation of the nerve fiber, but rather reflects variability in the timing of transmitter release from sites in the presynaptic terminal.
Lowering the probability of transmitter release reduced the evoked response to the level of clear failures and quantal responses (Figure 1 D) . Owing to the good signal to noise ratio, asynchronous release, and fast kinetics of the synaptic currents, single quantal responses could be distinguished from multiquantal events, sEPSCs were always clearly resolved from the background noise, and their amplitudes varied over a broad range (coefficient of variation = 0.43 -+ 0.01 ; n = 11) in individual cells ( Figure 1D~ ). The amplitude distributions of evoked responses (mean = 64.4 _ 10 pA) were not significantly different (Kolmorogov-Smirnov test, p > .05) from those of sEPSCs (mean = 60.1 _ 9 pA; n = 5; Figure 1D2 ). The close agreement between the amplitudes of the sEPSCs and single quantal evoked currents indicates that evoked synaptic responses are generated from the same population of responses underlying spontaneous quantal transmitter release.
Counting Quanta
Numerous studies have attempted to establish the appropriate statistical models that best describe transmitter release at central synapses (Walmsley et al., 1988; Redman, 1990; Korn and Faber, 1991 ) . All of these approaches have relied upon attempts to distinguish quantal peaks in histograms of evoked EPSC amplitude distributions. However, it has proven difficult to account for the pattern of peaks in amplitude distributions using conventional models of transmitter release, and the validity of interpreting quantal peaks has been questioned (elements, 1991; Bekkers, 1994; Walmsley, 1995) . The most direct quantal analysis has been performed at the NMJ, where, at low temperatures, the individual quanta released following a nerve stimulus can be counted directly (Katz and Miledi, 1965a; Johnson and Wernig, 1971) . We have similarly taken advantage of the asynchronous release at the endbulb synapse and the ability to resolve failures of transmission clearly to count the quanta released following nerve stim ulation ( Figure 2A ). At the NMJ, the number of release sites at each terminal is very large. Thus, when the probability of release (p) is reduced to a level at which many responses are failures of transmission, the number of quanta released per stimulus is well described by Poisson's law (Katz and Miledi, 1965a; McLachlan, 1978) . Using this approach, the average quantal content (m) can be calculated by: total number of evoked quanta/N, where N is the total number of traces. The probability of observing any given number, x, of quantal units per trace is given by e-r"mx/x!. Since the endbulb also has a large number of release sites (Cant and Morest, 1979; Ryugo and Sento, 1991 ; M. J. Nicol and B. W., unpublished data), we examined whether the distribution of evoked quantal units obeyed Poisson statis= tics under conditions of low release probability. In 8 cells (average N = 421 _ 58 traces), with values of m ranging from 0.07 to 0.7 (average = 0.4 _+ 0.1), the observed numbers of quanta released per impulse (failures, singles, doubles, etc.) were in close agreement with the predictions from Poisson's law (7~ 2 test, p > .25; Figure 2B ). These results indicate that quanta are released independently of one another and confirm that the detected failures represent true failures of transmitter release (see Jonas et al., 1993) .
Paired-pulse facilitation is a short-term form of plasticity expressed at many peripheral and central synapses (Zucker, 1989) . Under normal conditions of transmitter release at the endbulb synapse, paired-pulse stimulation over brief intervals (several milliseconds) evokes a depression of the second pulse (data not shown). This depression has been shown to result, in large part, from a desensitization of the postsynaptic receptors when release probability is high (Trussell et al., 1993; J. S. I. and B. W., unpublished data) . Reducing the probability of release converts this depression to paired-pulse facilitation ( Figure 3A ). Analysis of transmission at the NMJ has shown that facilitation is a presynaptic process, primarily due to an increase in the number of released quanta (del Castillo and Katz, 1954b) . If Poisson conditions are satisfied, it should be possible to measure m accurately by counting the proportion of failures alone, since m = In N/n0, where no is the number of traces in which no quanta were released and N is the total number of traces. We next used the method of counting failures to examine the nature of paired-pulse facilitation at the endbulb synapse.
The first question we examined was whether facilitation required the prior release of quanta. Alternatively, facilitation could occur even when no quanta were released after the first stimulus because "facilitation may affect the whole latent population and leave behind a state of greater probability of activation" (del Castillo and Katz, 1954b) . If facilitation does not require preceded release, the average of the selected responses in which the first pulse did not release a quantum should be identical to the average of all responses. In all cases, the average of the second EPSC from traces selected for failures on the first pulse was nearly indistinguishable from the average constructed from all traces (n = 7; Figure 3A ). The second EPSC unpreceded by release on the first pulse, measured as its integral to accommodate asynchronous release, was 100.0% __-4% of the unselected responses (range = 91%-120%; average facilitation [EPSC2/EPSC1] = 1.6 + 0.2; n = 7). This indicates that paired-pulse facilitation occurs independently of previous success or failure of transmitter release. As a corollary, double failures should occur no more frequently than expected by chance (del Castillo and Katz, 1954b) , such that the frequency of double failures equals the product of the frequencies for pulse 1 and pulse 2 failures. In agreement with this hypothesis, the number of double failures observed in each cell (mean = 145.3 _+ 38) was nearly identical to the number predicted from the frequency of individual failures (mean = 144.7 _+ 37; p > .5; average number of traces = 489 _+ 65; n = 7). As predicted from Poisson statistics, counting the proportion of failures should yield an accurate estimation of quantal content. We therefore compared the paired-pulse facilitation ratio, determined by directly dividing the second EPSC by the first, with the ratio determined from m obtained by the method of failures. This approach also permitted us to examine synapses studied at warmer temperatures (30° C), and the results from 12 cells are summarized in Figure 3B EPSCs; Figure 3C ). These results confirm that the sEPSCs underlie the quantal nature of the evoked response and that Poisson statistics, the extreme case of the binomial distribution, adequately account for quantal transmission under conditions of low release probability at the endbulb synapse.
The Time Course of Transmitter Release
It has generally been assumed that asynchrony in the timing of release of synaptic vesicles contributes to the time course of evoked transmission in central neurons (Silver et al., 1992; Barbour et al., 1994; Mody et al., 1994) . Indeed, studies of the kinetics of synaptic responses focus on sEPSCs, in part, to avoid the possible influence of release asynchrony (e.g., Hestrin, 1992; Yamada and Tang, 1993) . However, the contribution of asynchronous transmitter release to evoked transmission is unclear. We next asked to what extent asynchrony in the timing of release of quantal responses contributes to the time course of the nerve-evoked EPSC. One simple approach is to compare the time course of the sEPSCs with that of the evoked response (Figure 4) . Under control conditions, evoked EPSCs were typically several nanoamperes in amplitude (average conductance = 45.4 __ 13 nS) and were well fitted with a decay time constant ('0 of 581 ± 41 I~s (n = 7). In these same cells, reducing the EPSC to the quantal level did not affect the time course of the evoked response (~ = 583 ± 40 p.s; p > .5). In contrast, the time courses of sEPSCs in these cells were -40% faster (-~ = 354 ± 20 t~s; p< .001). However, aligning the evoked quantal responses, to eliminate the effect of release asynchrony, yielded an average response that was not significantly different from the sEPSC time course ('~ = 360 ± 21 I~s; P > .5). These results indicate that asynchronous transmitter release from a single nerve terminal can contribute significantly to the time course of evoked transmission. We next measured the presynaptic time course of transmitter release. We have taken the approach of using first latency measurements to determine the time course of transmitter release over the early release period (Barrett and Stevens, 1972 ) (see Experimental Procedures), which constitutes the majority of quantal release (Goda and Stevens, 1994) . At the endbulb synapse, the probability of transmitter release rises rapidly and decays with a slower exponential time course ( Figure 5A ). To confirm the impact of the kinetics of transmitter release on the time course of evoked transmission, we convolved the average sEPSC time course in individual cells with the corresponding release probability function. In all cells examined, the simulated evoked synaptic current closely matched the time course of the averaged evoked EPSCs (n = 4; Figure 5B ). This result confirms that the slower kinetics of the evoked response can be entirely accounted for by the time course of transmitter release.
The time course of transmitter release at the NMJ is relatively insensitive to manipulations that alter quantal content, such as changing the external Ca 2÷ concentration or paired-pulse facilitation (Barrett and Stevens, 1972; Datyner and Gage, 1980; Van der Kloot, 1988) . We also examined the time course of transmitter release during the change in quantal content that underlies paired-pulse facilitation. The time course of release for 1 cell is shown on a semi-log plot in Figure 5C . Paired-pulse facilitation had no obvious effect on the decay time course of transmitter release (ratio "~2/'1 = 1.02 +_ 0.06; facilitation = 1.37 ± 0.04; n = 6) at the endbulb synapse. The insensitivity of the kinetics of transmitter release to manipulations that alter quantal content has led to the hypothesis that the rate of transmitter release is governed by processes downstream of Ca 2+ influx (Barrett and Stevens, 1972; Datyner and Gage, 1980; Van der Kloot, 1988) . The kinetics of release are, however, highly sensitive to temperature, possibly reflecting the temperature sensitivity of the exocytotic release mechanism itself (Katz and Miledi, t965a; Barrett and Stevens, 1972; Datyner and Gage, 1980; Van der Kloot, 1988) . We have found that the kinetics of release at the endbulb synapse are markedly briefer at warmer temperatures ( Figure 5D ). On average, the decay time constant of the release function was 294 _ 10 I~S at (Bekkers, 1994) . The distribution of spontaneous quanta1 currents is often very differ- ent from that inferred using conventional quanta1 analysis, presumably due in part to electrotonic effects as well as inhomogeneous populations of synaptic inputs.
Furthermore, the relative contributions of intrinsic and site to site variability in quanta1 current amplitudes are unknown (Brown et al., 1976; Walmsley, 1993 Walmsley, , 1995 (Edwards et al., 1976; Tang et al., 1994; Tong and Jahr, 1994) Korn et al., 1982; Larkman et al., 1992; Voronin et al., 1992) nonuniform or compound binomial (e.g., Walmsley et al., 1988) , and Poisson descriptions (e.g., Yamamoto, 1982; Paulsen and Heggelund, 1994; Bekkers and Stevens, 1995) . However, most previous studies have not directly addressed the complication of site to site variability in quantal size, which must be treated separately from intrinsic quantal variability. A failure to do so may result in serious misinterpretation using conventional quantal analysis (Walmsley, 1993 (Walmsley, , 1995 . Until unequivocal experimental evidence has been obtained on site to site versus intrinsic quantal variability at the endbulb synapse, the usefulness of fitting statistical models to evoked synaptic current amplitude distributions is highly questionable (Walmsley, 1993 (Walmsley, , 1995 . In the present study, we have avoided this approach and have made direct measurements of the quantal release process.
We have found at the endbulb synapse that the asynchrony in the timing of release of individual quantal units is such that their latencies can be measured separately. The asynchronous release of quantal units and the ability to resolve failures of transmission clearly from single quantal events made it possible to count the quanta released following each nerve stimulus. Using this direct approach, we have shown that transmitter release from a single nerve terminal obeys Poisson's law under conditions of low release probability. Under Poisson's law, it should be noted that the binomial terms p and n have no particular significance. Although it is likely that p varies from site to site (Walmsley et al., 1988; Hessler et al., 1993; Rosenmund et al., 1993) , p need not be uniform at each release site for Poisson statistics to provide an adequate description of the data (del Castillo and Katz, 1954b; McLachlan, 1978) . Furthermore, it should be emphasized that the Poisson description is likely to be applicable only under experimental conditions of low release probability. Under these conditions, a good fit to Poisson's law supports the proposal that quanta are released independently of one another and, furthermore, that the detected failures of response represent true failures of transmitter release. Based on this conclusion, it seems reasonable to propose that a compound binomial description of release would be appropriate at higher (normal) levels of release (Walmsley et al., 1988) . However, this proposal is made cautiously and would not be valid if, for example, interactions occur between release sites under these conditions. A traditional use of quantal analysis has been to infer whether a pre-or postsynaptic locus underlies modifications of synaptic strength. We have extended the direct counting method to show that the short-term plasticity underlying paired-pulse facilitation is entirely accounted for by an increase in the number of quanta released.
The strength of neurotransmission is dependent on the duration of the synaptic response, and many recent studies have addressed the factors underlying the time course of excitatory transmission in the CNS (reviewed in Jonas and Spruston, 1994) . While most of these studies have focused on the rapid diffusion of transmitter from the synaptic cleft (Clements et al., 1992) and the role of the kinetics of the postsynaptic receptors (Jonas and Spruston, 1994) , it has not previously been possible to examine the role of the time course of presynaptic transmitter release at a synapse in the brain. At the endbulb and other CNS synapses, the time course of spontaneous synaptic currents is much briefer than the average time course of the nerve-evoked synaptic current. Under conditions of low release probability, and as expected if sEPSCs underlie nerve-evoked transmission, the time course of evoked quantal currents is identical to that of the spontaneous quantal currents. Our results indicate that the average time course of evoked synaptic transmission can be entirely accounted for by the measured asynchrony in quantal release and the kinetics of the underlying quantal currents.
At the endbulb synapse, the latencies of quantal events exhibit a considerable temporal dispersion that reflects the kinetics of transmitter release at the presynaptic terminal. The time course of transmitter release is highly sensitive to temperature, with Q10 > 3. The kinetics of non-NMDA receptor-mediated sEPSCs are also highly sensitive to temperature (decay time constant Q10 = 2-4; Tong and Jahr, 1994; Zhang and Trussell, 1994) . This temperature sensitivity, in concert with the high Q10 for the decay time course of transmitter release, suggests that the kinetics of transmitter release would also contribute substantially to nerve-evoked synaptic transmission at physiological temperatures. The time course and temperature dependence of the release process, and its insensitivity to the increase in quantal content accompanying paired-pulse facilitation, are markedly similar to previous findings at the NMJ.
The endbulb synapse is thought to preserve the precise coding of high frequency temporal information carried by the auditory nerve (Oertel, 1991) . The large amplitude of the evoked endbulb EPSC ensures a high safety factor for the generation of a postsynaptic action potential, and the fast kinetics of the EPSC are optimized for high fidelity output from the postsynaptic cell. However, the asynchronous release of transmitter would seem to interfere with synapses that serve to relay temporal information faithfully to other brain regions. It seems likely that the large number of released quanta underlying the evoked EPSC also provides a means for minimizing the contribution of stochastic variability in the time course of release of individual quanta.
In summary, these results at the calyceal synapse of the AVCN indicate that some of the most fundamental features of the presynaptic processes leading to neurotransmitter release, originally proposed for the NMJ, are highly conserved at a glutamatergic central synapse.
Experimental Procedures
Parasagittal slices (150-250 ~m) of the cochlear nucleus from 12-to 19-day-old Wistar rats were prepared as described previously (Isaacson and Walmsley, 1995) and viewed under Nomarski optics. The slices were superfused with a Ringer solution containing 119 mM NaCI, 2.5 mM KCi, 1.3 mM MgSO4, 2.5 mM CaCI2, 1 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM glucose, and 10-20 ~,M strychnine, which was equilibrated with 95% 02, 5% CO2. Patch electrodes (1.5-3 M~ resistance) contained 117.5 mM Cs-gluconate, 17.5 mM CsCI, 4 mM NaCI, 10 mM HEPES, 3 mM Mg-ATP, 0.2 mM Na-GTP, and 0.2-10 mM EGTA (pH 7.3). Input resistance was 150-350 MR. Series resistance, which was <8 MR, was routinely compensated by >80%. EPSCs were evoked via a Ringer-filled pipette (10-20 ~m tip diameter) placed over a fascicle of the auditory nerve that coursed toward the recorded cell. Unless indicated otherwise, the holding potential was -70 mV, and experiments were performed at room temperature (22°C-25°C). Holding potentials have not been corrected for a junction potential of -10 mV. Endbulb EPSCs were distinguished by their all or none response to stimulation and by their large amplitude. Under control conditions, the response evoked by suprathreshold stimulation never failed and was typically >1 nA at a holding potential of -20 to -30 mV. Synaptic currents were well clamped since the kinetics of the evoked EPSCs were not significantly different after their amplitudes were blocked down by >90% (see below). Evoked EPSCs were reduced to the single quantat level by the addition of Cd 2+ to the superfusing solution (75-100 ~M) or using a low Ca2÷/high Mg 2÷ solution, which was our normal Ringer solution with divalent concentrations changed to 0.2 mM CaCI2 and 3.6 mM MgSO4. No obvious differences were observed between the two approaches, and the results have been pooled. Cd 2÷ did not significantly affect the frequency or amplitude of sEPSCs (data not shown). EPSCs under control conditions were evoked at 0.1 or 0.2 Hz, and blocked-down EPSCs were evoked at 0.5-1 Hz. Extracellular recording (0 mV holding potential) was performed using a Ringer-filled patch electrode containing 2 mg/ml Lucifer yellow (Li ÷ salt). After establishing a loose seal (-250 M~), focal extracellular recording was confirmed by the following criteria: synaptic responses were insensitive to holding potential over a large voltage range (-60 to +60 mV), Lucifer yellow fluorescence was excluded from the celt, and synaptic currents were abolished if the recording electrode was moved several microns from the cell. Synaptic currents were recorded and filtered at 5-10 kHz with an Axopatch 1-D amplifier (Axon Instruments) before being digitized at 40-100 kHz. Data were also recorded on videotape with a VCR (Vetter) and digitized off-line. Some experiments were refiltered at 3 kHz before analysis. Data were analyzed with the use of pCLAMP (Axon Instruments) and software generously provided by Drs. S. Hestrin and D. J. Perkel. In some records, the stimulus artifact has been digitally subtracted after averaging response failures. Data are shown as mean _+ SEM. Unless indicated otherwise, the statistical test used is a Student's t test.
The amplitudes of sEPSCs, recorded during intervals between stimuli, were measured using a semiautomated detection procedure. The threshold for detection was usually set at -15 pA, such that -30% of the detected events were rejected as noise. Events were accepted if they had a monotonic rising phase, a 20%-80% rise time that was <0.3 ms, and an approximately exponential decay. The amplitude was determined by averaging three points around the peak and subtracting the mean baseline amplitude over a period (0.25-1 ms) immediately preceding the event, The same thresholds were then used to measure evoked quantal EPSCs in the same cells. Evoked EPSCs were distinguished from sEPSCs by accepting only events that fell within a 2-3 ms period defined by the averaged evoked EPSC time course. Using this criterion, even at the highest frequency of spontaneous events we observed (7 Hz), <3% of the evoked responses would be contaminated by spontaneous release (del Castillo and Katz, 1954b) . Baseline noise was calculated from equivalent baseline periods and an adjacent three point window in the time preceding the evoked EPSC. In some experiments, paired-pulse stimulation (5-7 ms interval) was used, and evoked responses were pooled from both pulses, sEPSC and evoked quantal amplitude distributions were compared in the same cell when each had at least 250 events (average numbers of evoked EPSCs = 613 _+ 124, sEPSCs = 636 _+ 64; n = 9 cells). In some cells (n = 6) where release was reduced to the level of failures, the amplitude distributions of evoked responses were more skewed toward larger amplitudes (mean = 82.2 + 9 pA) than those comprising the sEPSC amplitude distribution (mean = 60.9 _+ 8 pA), presumably reflecting the inability in these cells to distinguish nearly synchronous multiquantal events. However, overall, the mean amplitudes of the evoked quantal responses (74.1 _+ 7 pA) were similar to those of the sEPSCs (60.6 _+ 6 pA; p > .1 ; n = 11). Periods used in constructing histograms were checked for stability, and if there was a significant change in EPSC amplitude with time, the experiment was rejected for analysis (coefficient of variation = SD/mean).
For counting quanta, quantal responses were detected by eye from raw records and accepted if they occurred during the period approximated by the average time course of all evoked traces. We used the same counting criterion as Katz and Miledi (1965a) . If no clear inflection was observed on the rising phase of a response before a peak, the count was incremented by one. We deliberately made no attempt to restrict the counting procedure (e.g., by excluding single quantal responses on the basis of amplitude). Following the counting procedure, the predicted values were obtained from Poisson's law: probability of observing x quantal units per trace = e mmX/x!. In the AVCN, as reported previously at the NMJ (Katz and Miledi, 1965a) , the ability to count quanta directly was of use only when the average quantal content was low (<0.8) and the asynchrony sufficiently high to resolve multiquantal events accurately. Under conditions of increased quantal content (>0.8) or at elevated temperatures (30°C), the ability to distinguish multiquantal events accurately was diminished, as expected, with a disproportionate number of single quanta in the counts (Katz and Miledi, 1965a) . However, the ability to resolve failures of response was not changed under these conditions, and excellent agreement was maintained between the mean quantal content determined by Poisson's law using the method of failures and that calculated by dividing the average evoked EPSC amplitude by the mean quantal sEPSC amplitude.
Paired-pulse facilitation was studied using an interpulse interval of 5-7 ms. To take into account asynchronous release, the sizes of averaged EPSCs were determined as the charge transfer over their entire time course (typically 3-4 ms from onset). The number of traces used to determine the evoked EPSC ranged from 252 to 1062 (average = 504 _ 66; n = 12). The average sEPSC was calculated from 150-500 aligned events in each experiment.
First latencies of quantal responses were detected, after taking the first derivative of each trace, using a threshold crossing method (Fetchan module of pCLAMP). Only the latency of the first quantal response of multiquantal events was measured. Release probability was calculated from the first latencies of quantal responses using the method described by Barrett and Stevens (1972) to correct for multiquantal release. This analysis of release kinetics requires only the relative magnitude of the latency fluctuations, not the absolute magnitude of each synaptic delay (Barrett and Stevens, 1972) . Using their terminology, release probability at time t is given by s(t)/[1 -S(t)], where s(t) represents the probability of a first quantal latency occurring in an interval about t and 1 -S(t) gives the probability that no release has occurred up to time t. We used intervals (t) of 50 ~_s and analyzed only cells in which we recorded >130 first latencies. We did not observe a substantial contribution of late release (Barrett and Stevens, 1972; Goda and Stevens, 1994) to the EPSC under our recording conditions. Release probability was fitted (Kaleidagraph) with the function ~,(x) = xne-% where n and a are variables adjusted to provide the best fit to the data. During paired-pulse facilitation, there was a tendency for release to begin with a slightly longer delay on the second pulse. Similar observations have been reported at the NMJ (Baldo et al., 1983) . Average sEPSC and evoked time course were derived from several hundred responses from each cell. Convolutions were performed using Matlab (Mathworks Inc.). Temperature was controlled by heating the solution flowing into the recording chamber and was monitored by a thermistor close to the microscope objective.
